The power spectral density function (PSD) is being employed to specify the surface finish and transmitted wavefront in the mid-spatial frequency regime for laser beam optics of the National Ignition Facility (NIF). The instrument used to measure the PSD is a phase measuring Fizeau interferometer. The phase map produced by the interferometer is digitally processed to create the PSD. Before one can use the PSD information, it is necessary to evaluate the fidelity of the interferometer spatial frequency response. Specifically, one must measure the overall transfer function of the instrument. To accomplish this, we perform a two-step "calibration" process. We first measure a known precision phase object with the interferometer and then compare the measured PSD to an ideal numerical simulation which represents the theoretical PSD. The square root of the ratio of the measured function to the simulation is defined as the transfer function of the instrument. We present experimental results for both reflective and transmissive test objects, including effects such as the test object orientation and longitudinal location in the interferometer cavity. We also evaluate the accuracy levels obtained using different test objects.
INTRODUCTION
This paper describes work completed in support of optical component development and laser system modeling for the National Ignition Facility (NIF). The NIF is sponsored by the U.S. Department of Energy, and design work is being conducted by several DOE laboratories and subcontractors within the National Inertial Confinement Fusion Program. The NIF will be an experimental fusion facility which will include a laser and a target area. The NIP laser will be capable of producing 500 TW at a wavelength of 0.35 im with specific symmetry, beam balance, and pulse shape.
The performance of high-peak power laser systems, such as the NIP, can be seriously degraded by the presence of modulations in the beam. Beam degradation can result in energy loss on target and, in extreme circumstances, damage of optical components. Beam modulations are introduced or "imprinted" on the beam as it propagates by interaction with optical components. Examples of noise sources encountered by the beam include: diffraction caused by hard edges and isolated defects within the clear aperture ii .
variation in index of refraction and/or stress birefringence of transmissive optical materials iii. modulation in the contour of surfaces iv. variation of phase retardation or reflectivity of optical coatings.
The sensitivity or tolerance of the laser to beam modulation is determined by the subsequent growth (amplification) of these modulations. This is dictated by the physics of non-linear optical gain and the geometry of spatial filtering employed for beam smoothing. The characteristic scale length of modulations that undergo amplification ranges from about 0. 1 2 to 33 mm. These features are commonly referred to as mid-spatial scale length modulations to distinguish them from simple roughness (scale lengths <0.12 mm) and figure errors (scale lengths >33 mm). '2 This paper describes techniques and measurements to characterize the spatial frequency response of interferometric measurements. Modern phase measuring interferometers can record an entire phase map corresponding to an optical wavefront. These instruments use phase measuring techniques and high-density solid-state detectors to calculate the optical phase at each pixel in the wavefront. Interferometers using standard video detectors (e.g., 640 x 480 pixels class cameras) produce wavefront phase maps containing >300,000 data points, depending on the aperture measured. Instruments with higher density detectors (e.g., 1024 x 1024 pixel class cameras) are currently being developed. With such wavefront data collection capability, the fidelity of the spatial frequency response of the interferometer becomes an important figure of merit for the instrument. Interpretation of the spatial frequency content of the data requires that the over-all frequency dependent transfer function, G(v), of the interferometer be determined. The transfer function determines the bandwidth of the instrument; thus, it dictates the number and type of measurements required to accurately measure the spatial frequency content in a wavefront.
FOURIER WAVEFRONT ANALYSIS/INTERFEROMETER FREQUENCY RESPONSE
In order to deal directly with amplification of beam modulations in high-peak-power laser systems, we employ 2-D Fourier analysis3'4 to characterize the wavefront. We express the wavefront phase map as a discrete 2-D Fourier series. The low-and high-frequency limits of the series are determined by the test aperture dimension, (L), and number of pixels contained in the detector, (N). Generally in our work, we define the data valid range as:
The 2-D power spectral density, PSD(v, v), of the wavefront is then calculated from the squares of the Fourier coefficients. The PSD(v, v) is subsequently used extensively in our laser system modeling and simulation work because it quantifies the amount and direction of scattered light. To first order, the distribution of light at the focal spot of the system is the summation of the PSD(v, v)s of the system components.5 Non-linear amplification occurs at certain frequencies, several references to these non-linear phenomona can be found in (4).
When used to specify optical wavefront quality, the 2-D PSD is usually collapsed into a 1-D representation, PSD(v), by summing over the direction ortogonal to the direction of interest:
This approach is only justified if the direction of summation is perpendicular to the peak modulation in the wavefront or if the modulation is isotropic (e.g., there is no directionality). The result is equivalent to the average of the PSDs computed from all possible 1-D traces taken in the direction of interest.
Fourier representation of the wavefront and subsequent calculation of the power spectral density does not account for the spatial frequency response of the interferometer. This frequency response is given by the transfer function, G(v), of the instrument. In general, the transfer function is approximately one at low frequencies and decreases as the high frequency (Nyquist) limit of the instrument is approached. The transfer function contains contributions from the interferometer optical system and detector,6 signal processing electronics and software algorithms. These sub-systems are complex and, in many instances, proprietary; their contributions to the transfer function are difficult to calculate separately. In addition, factors external to the interferometer, such as the operating environment of the instrument and physical configuration used for the measurement, also contribute to the transfer function. Because of these facts, we have chosen to determine the transfer function experimentally. We are determining the 0(v) of the interferometers we use for optical component characterization in the environments and configurations used to make those measurements. To do this, we compare the power spectral density of the measured wavefront from a known phase object with the theoretical PSD for that object.
MEASUREMENT/CALCULATION OF THE TRANSFER FUNCTION
Two types of test-phase objects have been fabricated and used successfully for this work. Both are sharp step-phase objects, first suggested and fabricated by Takacs.7 They have a simple Fourier spectrum with coefficients proportional to the step height and inversely proportional to the spatial frequency, V.
The phase object used for measurement of surface contour (or reflected wavefront) was anisotropically etched on the polished surface of a 101 mm diameter x 1 mm thick wafer of single crystal silicon.8 The phase object used for measurement of transmitted wavefront was etched on one surface of a 50 mm diameter x 10 mm thick fused silica substrate.9 The measured phase maps of these objects are shown in Figs. la and lb. The reflected wavefront (Fig. la) has a square aperture measuring approximately 70 x 70 mm. The wavefront contains, in addition to the sharp step, approximately 20 waves (2 = 633 nm) of long scale length curvature. This is primarily optical power due to static convex deformation of the thin wafer. The transmitted wavefront (Fig. ib) has a square aperture measuring approximately 40 x 40 mm. This wavefront contains, in addition to the sharp step, approximately 0.16 wave of long scale length curvature. This is due to nonflat and nonparallel surfaces of the substrate.
Ideal simulations of these sharp phase steps are used to calculate the transfer function from the measured wavefronts. These simulations are produced by creating numerical files (tables) containing the same number of data points as there are pixels in the measured data. The aperture dimensions are scaled to equal the measured phase maps. These simulated wavefronts are perfectly flat and contain only the sharp step transition. The height of the step is the same as the etched steps in the phase objects. The file created to simulate the reflected wavefront phase step is shown in Fig. 2 . Using files such as these, the transfer function of the interferometer can be calculated. In each case, the result is unique to the instrument, the type of measurement (e.g., for reflected or transmitted wavefront measurements), aperture size, camera magnification, and other operational variables. To simplify the presentation of the transfer function calculation, the 1-D representation of the PSD(v) described above, is used. First, the PSD(v, v) is calculated for both the measured wavefront and the corresponding simulated wavefront. The direction perpendicular to the step is determined in the wavefronts, and the PSD is collapsed to l-D, PSD(n) along that direction. The long scale length (low frequency) waviness present in the measured wavefront is removed by performing a logical operation:
if, (PSD(V)measured >PSD(V)simulatcd then, G(v) = 1 (3) Otherwise, the transfer function is determined from the ratio of the PSD(v) of the measured wavefront to the PSD(v) of the simulated wavfront:
Most interferometers are equipped with "pixelated" solid state detectors. For these instruments, the transfer function is 2-D (e.g., the 0 = G(v,v)). Here, for simplicity, we present only the 1-D result. The phase objects used in calibration are carefully oriented parallel to the pixel grid of the detector. The effect of "misalignment" is handled in a straight-forward manner when the full 2-D PSD is used to calculate the transfer function. This work is in progress and will be reported in the future. 
OTHER CALIBRATION OBJECTS
While straight-forward to fabricate, there are two disadvantages of the sharp step phase object The first disadvantage is that the Fourier series or equally, the PSD, from a sharp step is undefined at the origin (zero frequency). The second disadvantage is that the signal-to-noise ratio is relatively low at high frequency since the Fourier coefficients are small in this range.
Other phase objects can potentially remove these difficulties. An ideal "tophat" phase object has a Fourier spectrum of a "sinc" function and a PSD(v) that is a sinc.2 The sinc and sinc2 functions are equal to one at zero frequency. However, to date, we have found it difficult computationally to handle the zeros that occur at certain frequencies in the sinc and sinc2 functions. One solution is to make the "tophat" object very narrow (on the order of 10 -30 jim wide), thus moving the zeros in the PSD to high (and uninteresting) frequencies. The resulting phase objects can only be measured at high magnification (e.g., using interference microscopy) since the return signal is very small. They have no practical application to mid-spatial scale length measurements.
A "white noise" phase object'° has the potential for providing consistently high signal-to-noise at all frequencies of interest. While less straight-forward to fabricate than the sharp step or the "tophat" phase objects, we believe it will be possible to approximate one using our kinoform phase plate technology developed at Livermore and at the Laboratory for Laser Energetics at University of Rochester."
CONCLUSIONS
We have demonstrated a two-step method to calculate the spatial frequency transfer function of an interferometer by measuring a known phase object. The transfer function is unique to each test set-up; it must be determined for each test configuration.
Experimental variables, such as cavity length, test component location, and working distance, all contribute, along with the physical principles of diffraction, to effect image formation at the detector.
With this information, it becomes possible to restore high spatial frequency information lost in the measurement of optical components. This technique is well known in Fourier analysis (restoration filtering) but has not been applied as an optimization tool, to our knowledge, in laser system design. The restored wavefront data is given by:
PSD(v) restored = PSD(v) measured G(v) 2 (5) We are continuing this work on several fronts:
i .
to characterize the 0(v) for practical test configurations for the NIF Project ii .
to develop new calibration techniques and novel phase objects
iii. to guide the development of advanced interferometric test instruments.
